3
interacting complex member in eukaryotes 20 . Later, FIP37 was further characterised and shown to be required for m 6 A formation in mRNA 21 . Other protein components of m 6 A methyltransferase complex that have been identified include MTB (Methytransferase B, homolog of METTL14), VIR (Virilizer, homolog of VIRMA) and AtHAKAI (homolog of HAKAI) 22 . In Arabidopsis, Evolutionarily Conserved C-Terminal Region (ECT), are the orthologues of the mammalian YTH family of proteins and are the only readers identified so far [23] [24] [25] . ALKBH10B and ALKBH9B represent the characterized Arabidopsis m 6 A erasers 26, 27 .
Null mutants of MTA or any other members of the core writers complex i.e. MTB, FIP37
and VIR are embryo lethal [20] [21] [22] , indicating an essential function for this modification. However, hypomorphic knockdown mutants of these writers have been obtained and typically show an 80-90% reduction in m 6 A levels 21, 22, 28 . In addition, reader and eraser knockouts are viable [25] [26] [27] .
Studies utilizing these various mutant plant lines indicate a role of this modification in embryogenesis, proper plant development (trichome morphology, meristem maintenance, vascular development), flowering time and flower morphology, and pathogen response 20, 22, [26] [27] [28] [29] .
Several aspects of plant development and metabolism are controlled by micro RNAs (miRNAs), and the complex phenotypes of low methylation plants have aspects reminiscent of miRNA biogenesis pathway mutants (review 30 ) and might be partially explained by m 6 A controlled miRNA biogenesis. miRNAs are small endogenous non-coding RNAs that are ⁓21nt in length and are important players in regulating cellular metabolism. miRNAs are derived from hairpin loop containing pri-miRNAs that are transcribed by RNA Polymerase II, and further processed by RNAse III type enzymes associated and assisted by other proteins. In animals, where m 6 A is important for biogenesis of many microRNAs, m 6 A plays the role of a mark, 4 identified by a reader protein (Heterogeneous Nuclear Ribonucleoprotein A2/B1; HNRNPA2B1)
that facilitates the recruitment of downstream enzymes (RNAse III and associates) to primiRNAs thus facilitating their processing to miRNAs. Accordingly, it was shown that depletion of METTL3 leads to decreased accumulation of miRNAs and to an over accumulation of primiRNAs due to their impaired processing 31, 32 . While most of the findings related to m 6 A in plants concern mRNAs, its role in miRNA biogenesis in plants remains unknown.
In this study, we provide evidence that biogenesis of at least 25% of Arabidopsis miRNAs is affected by the presence of m 6 A mark. We show that plant pri-miRNAs are m 6 A methylated by MTA, and deficiency of MTA (and thus m 6 A) leads to accumulation of primiRNAs accompanied by lower miRNA levels. We also show that MTA interacts with RNA Pol II and Tough (TGH) suggesting that MTA acts at early stages of miRNA biogenesis. We also suggest that the impaired auxin response in plants with MTA deficiency is caused, at least partly, by decreased miR393b levels.
Results:
Lack of m 6 A results in impaired miRNA biogenesis:
In order to assess possible effects of m 6 A levels on miRNA biogenesis, we performed small RNA (sRNA) sequencing on rosette leaves from 4 weeks old plants from both wild type (WT) Col-0 and a mutant line with severely reduced m 6 A levels. The reduced mta line contains MTA cDNA under the ABI3 promoter in a homozygous MTA T-DNA insertion mutant line.
The ABI3 promoter drives strong embryo expression of MTA, enabling the plant embryo lethality to be bypassed. However, this promoter drives a very low level of expression post germination, giving rise to plants with 80-90% less methylation compared to their WT 5 counterparts 28 . Our sequencing data showed a decrease in overall abundance of mature miRNAs ( Fig. S1 ) and out of these we were able to identify 60 differentially expressed miRNAs that had high confidence score (probability ≥ 0.9 or false-discovery rate FDR = 0.1). 51 out of these 60 miRNAs were found to be downregulated while only 9 miRNAs were upregulated (Fig. 1a) .
This downregulation of miRNAs in mta plants was also confirmed by quantitative real time PCR (RT-qPCR) for 6 randomly selected miRNAs (miR159b, miR169a, miR319b, miR396b, and mir399a and miR850) (Fig. 1b) . Following from these results we went on to investigate the levels of primary-miRNAs (pri-miRNAs) in the low methylation plants by using the mirEX 2 platform (http://www.combio.pl/mirex2), developed by our group 33, 34 . This platform utilizes a repository of 298 primers, specifically for pri-miRNA quantification by qRT-PCR. Out of 298 pri-miRNAs tested, 68 pri-miRNAs were at undetectable levels in our samples leaving 230 for further analysis. Results from RT-qPCR revealed that 85 pri-miRNAs had statistically significant (p-value = <0.05, n = 3) changes in their accumulation (WT vs mta); 56 of these (⁓66%) were found to be upregulated while 29 were downregulated (Fig. 1c) . On comparison of the RT-qPCR results with sRNA sequencing results we were able to identify 20 cognate pri-miRNA/miRNA pairs that showed higher accumulation of pri-miRNAs and lower miRNA levels (Fig. 1d) . These results point towards an impaired processing of pri-miRNAs in the absence of MTA. The increased level of pri-miRNAs in the low methylation plants raised the possibility that the presence of m 6 A is necessary for proper processing of some pri-miRNAs. Therefore, we set out to test the methylation status of the pri-miRNAs using m 6 A-RNA immunoprecipitation followed by sequencing (m 6 A-IP Seq). This method is not an equivalent of the commonly used MeRIPSeq 35 , as we avoided the fragmentation of polyA RNA. We validated this protocol using spiked-in methylated and non-methylated controls (Fig. S2) . From the m 6 A-IP Seq data we selected miRNA genes (MIR) that were independent transcriptional units (not in introns of protein coding regions) and were either absent in mta samples or had significantly reduced abundance relative to WT Col-0. Using this approach, we identified transcripts of 11 MIR genes that were enriched more than 1.5 folds in WT Col-0 vs mta, indicating that they are m 6 A methylated in WT plants (hence can be immunoprecipitated with m 6 A antibody) and in the absence of MTA, lack this methylation (Fig 2a, S3) . We further checked the robustness of our data by comparing it to previously published data by Shen et. al. 21 and Anderson et. al. 36 . In our data set, we were able to identify 14,870 genes whose transcripts (15, 562) al., respectively. 930 genes were common among all three datasets (Fig. 2b) .
As an orthogonal approach to verify that these pri-miRNAs were bona fide targets for MTA directed methylation, we carried out RNA immunoprecipitation (RIP) using an anti-GFP antibody and GFP tagged MTA (35S:MTA:GFP) plant lines. RIP was performed on the nuclear fraction and followed by RT-qPCR on oligo(dT) primed cDNA. 18 pri-miRNAs (10 from our 8 m 6 A-IP Seq data and 8 random) were selected for checking by RT-qPCR, of these, all but four showed a statistically significant enrichment (p-value < 0.05) in the MTA-GFP sample (Fig. 2c,   S4 ). This indicates that pri-miRNAs are commonly bound by MTA. Taken together, these data suggest that, at least for some pri-miRNAs, MTA binds and methylates the transcript and that this promotes their processing to mature miRNAs. samples. * = p-value < 0.05, ** = p-value < 0.005, *** = p-value < 0.001. Error bars represent standard deviation of 3 biological replicates. -Control = AT2G40000 gene.
MTA interacts with RNA Pol II in situ
The accumulation of pri-miRNAs and low abundance of miRNAs in mta mutants is reminiscent of various plant miRNA biogenesis protein mutants like Dicer like 1 (DCL1),
Hyponastic Leaves 1 ( HYL1) [37] [38] [39] , Serrate (SE) 40 and Tough (TGH) 41 . These proteins are involved in early stages of miRNA biogenesis and are needed for efficient processing of primiRNAs to miRNAs. These observations led us to believe that MTA might act at early stages of miRNA biogenesis, maybe even co-transcriptionally. The deposition of m 6 A is usually assumed to be co-transcriptional, not least because it can influence other processing events such as poly adenylation site choice or pre-mRNA splicing [42] [43] [44] , which are themselves often cotranscriptional. However, a direct association between METTL3 and RNA Pol II has only been shown in mammalian systems when the rate of transcription was artificially slowed 45 .
We confirmed colocalization of MTA and RNA Pol II in Arabidopsis using immunolocalzation (Fig. S5) . Furthermore, we used proximity ligation assay (PLA) to confirm in-vivo interactions of MTA with RNA Pol II in plants under physiological conditions. Our results show direct interactions between MTA-GFP and RNA Pol II in cell nuclei with MTA-GFP expression but not in GFP control (Fig 3) . These results were obtained for RNA Pol II phosphorylated at both and TGH etc., using Yeast Two Hybrid system. In this screen we identified TGH as a positive MTA interactor (Fig. S6 ) and these results were later supported using microscopy to demonstrate co-localisation of GFP-TGH and RFP-MTA in Arabidopsis protoplasts (Fig. 4a) play a role together in processing, at least for a set of pri-miRNAs (Fig. S7) .
12 .001, n = 9.
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MTA regulates the level of miR393b which is involved in auxin response:
Auxin response defects have been reported for hypomorphic mutants of the known plant m 6 A writers 22 , indeed, we found this to be the case for the auxin responsive DR5pro:GUS reporter construct when introduced into both WT Col-0 and the mta mutant background. Upon induction of 14-day old seedlings with 2,4-dichlorophenoxyacetic acid (2,4-D) mta plants showed much less GUS expression (Fig. 5a) .
miR393b is also involved in auxin response regulation, and in mutants lacking miR393b, auxin signaling is reduced 46 . In our sRNA sequencing data, we found that miR393b is downregulated in mta mutant plants, although we could not detect its precursor in our m 6 A-IP Seq. However, because of its recognized importance in regulating auxin responses, we further investigated the requirement of m 6 A for miR393b formation. We confirmed that pri-miR393b is m 6 A methylated using m 6 A-IP followed by RT-qPCR. Immunoprecipitation of RNA bound to MTA also confirmed MTA's binding to this precursor (Fig. 5b) . To further demonstrate that the lack of miR393b is infact caused by the lack of MTA, we designed a transient expression assay
in Nicotiana tobaccum. We used constructs designed to express pri-miR393b, MTA or a catalytically inactive version of MTA, ΔMTA (D482A). ΔMTA was prepared by primer induced point mutation resulting in the following change: Aspartic acid at position 482 to Alanine (D482A) at the catalytic DPPW motif 47 leaving the protein catalytically inactive. These were introduced individually or in combination into Nicotiana leaves. We then assessed mature miR393b levels by northern blot and found that the pri-miRNA393b transgene produces ⁓2.3 times more miR393b when it is present with MTA while this effect was abolished to a large extent when MTA was replaced by the catalytically inactive version (ΔMTA) (Fig. 5c) . Thus, we
show that the reduced auxin response in mta mutants may be partially caused by the regulatory 14 defects of miR393b biogenesis caused by lack of MTA. 
Discussion:
Here we provide the first evidence that, as well as influencing mRNA metabolism, m 6 A methylation is present in pri-miRNAs and affects miRNA biogenesis in Arabidopsis. We show that lower levels of MTA (and hence m 6 A) lead to a global reduction in miRNA levels whereas the pri-miRNAs tend to accumulate. This anti-correlation of pri-miRNAs with miRNAs is similar to what is seen in Arabidopsis mutants of genes encoding proteins involved in early stages of miRNA biogenesis. In contrast, mutants of HEN1 (a protein that is involved in methylation of miRNA/miRNA* duplex at the 3' ends 48 , thus acting at later stages of miRNA biogenesis), do not show accumulation of pri-miRNAs whereas downregulation of miRNAs can be seen in hen1 mutant plants 39, 49 .
Since MTA is a known mRNA methyltransferase and m 6 A is abundant in mRNA, we 16 considered the possibility that the observed affects were indirect and a result of altered metabolism of other miRNA biogenesis proteins. We used two different and independent approaches to exclude this possibility. MTA-GFP mediated RNA immunoprecipitation and m 6 A-IP experiments revealed that at least for a set of miRNAs, this effect is direct and is a result of MTA binding pri-miRNAs and introducing m 6 A marks.
While a direct effect of m 6 A on miRNA biogenesis is clear, we could not overlook the possibility that MTA could also affect miRNA biogenesis by interacting with some other miRNA biogenesis related proteins. This assumption is supported by the fact that MTA interacts with RNA Pol II as shown by our PLA results. MTA interacts with RNA Pol II phosphorylated at Ser5 and Ser2. This suggest that MTA is associated with the RNA Pol II from the initiation of transcription and is present during the elongation period, modifying growing transcripts (review 50 ). Furthermore, we show that MTA interacts with TGH, which indeed points to MTA being involved in early stages of miRNA biogenesis. Upon comparison of our data with previously published data regarding miRNA levels in tgh mutant we found a 45% overlap within downregulated miRNAs in tgh and mta mutants, despite data being from two different tissue sets 41 . These common miRNAs could be targets of m 6 A methylation facilitated by the MTA-TGH interaction; however, the exact mechanism of this interaction-related alteration of miRNA biogenesis requires further investigation. As TGH is a major miRNA biogenesis related protein, its effects on miRNA levels are more severe than those observed in relation to MTA indicating that MTA might affect biogenesis of a specific set of miRNAs whose selection might be assisted by TGH.
Finally, the reduced auxin responsiveness of m6A writer mutants may be partially explained by altered miR393b levels. We show that pri-miRNA393b is m 6 A methylated by MTA 17 and levels of miR393b are lower in mta mutant. miR393b is involved in homeostasis of AUX/IAA genes that are also regulated by a complex feedback loop. miR393b has been shown to accumulate in leaves and is induced in response to auxin. Expression of the auxin responsive DR5pro:GUS reporter is reduced in miR393b mutant plants and a similar reduction is seen with the same reporter in the mta background 46, 51, 52 .
Our findings show that apart from methylating mRNAs, MTA is also a player in miRNA countreads_mirna.pl 54 . The script was applied to each fastq file for every biological replicate (n = 3). Subsequently, table with raw read counts was used to calculate fold change and falsediscovery rate (FDR) with the usage of R-package NOISeq 55 . Normalization was included in the pipeline of NOISeq analysis. old Arabidopsis WT Col-0 and mtamutants 28 was extracted as described above followed by polyA enrichment using NucleoTrap® mRNA isolation kit (Macherey-Nagel).
Immunoprecipitation was performed with EpiMark N6-Methyladenosine Enrichment Kit (NEB)
as per manufacturer's instructions. Two RNA controls from the kit were spiked into RNA samples before immunoprecipitation (after polyA enrichment). Libraries from input and immunopreciptated RNA were prepared with SENSE Total RNA-Seq Library Prep Kit (Lexogen) and pair-end sequencing was performed at Fasteris, Geneva, Switzerland on HiSeq4000 platform. Raw reads were trimmed (first 30 nucleotides) with FASTX-Toolkit, adapters were removed using Trimmomatic 56 andrRNA Sequences where removed with Bowtie 57 . Clean reads were aligned to the Arabidopis TAIR10 reference genome using HISAT2 58 and the overall alignment rate was 89-92% for each sample. Transcript-level 19 abundance for RNA in clean reads was estimated using Salmon 59 . Multifasta file with
Arabidopsis thaliana reference transcripts (cDNA and ncRNA) for quasi-mapping was additionally supplemented with pri-miRNA transcirpts described in mirEX 2 database 33 and with m 6 A controls spike-in Sequences. TPM values in input and IP samples where normalized with the use of unmodified RNA spike-in control. Enrichment was calculated using TPM value with the following formula (wt IP/input) / (mta IP/input).
Data submission and availability:
The data obtained in this study (small RNA and m6A-IP Seq) has been deposited under NCBI GEO accession GSE122528.
RNA immunoprecipitation (RIP):
Transgenic Arabidopsis line with p35S:MTA-GFP was grown along with GFP Arabidopsis line. RIPwas performed as described by Raczynskaet. al.
60
, briefly, 4 week old leaves were crosslinked by vacuum infiltration in 1% formaldehyde for 10 min, quenched with 125mM glycine and frozen in liquid nitrogen. Nuclear fraction was isolated from this plant material following the protocol described by Bowler et. al. 61 and Kaufmann et.
al. 62 . Isolated nuclei were sonicated at 4°C using Bioruptor® (Diagenode) at high intensity for 2 cycles (30 sec ON/30 sec OFF). GFP-Trap®_MA (Chromotek) magnetic beads were used to immunoprecipitate MTA-GFP or GFP fractions and RNA was isolated from input and IP samples. After DNAse treatment of RNA, it was primed with oligo(dT)primers for cDNA production and pri-miRNA levels were analyzed using SYBR® Green (Thermo) based qRT-PCR. 3 replicates each of MTA-GFP and GFP plants were analyzed and statistical significance was calculates using students T-test. Negative control (AT2G40000) was selected from data and QDO+ (QDO + X-α-Gal + Aureobasidin A) After growing of yeast in selective media at 28°C for 3 days interactions were identified by bluish green colonies on QDO+ medium (n = 3).
Microscopy and FRET-FLIM:
Coding sequences of MTA and TGH were first cloned into
